The structural and optical properties of the ZnO, Al-doped ZnO, Ga-doped ZnO, and In-doped ZnO nanorods were investigated using field-emission scanning electron microscopy, X-ray diffraction, photoluminescence (PL) and ultraviolet-visible spectroscopy. All the nanorods grew with good alignment on the ZnO seed layers and the ZnO nanorod dimensions could be controlled by the addition of the various dopants. For instance, the diameter of the nanorods decreased with increasing atomic number of the dopants. The ratio between the nearband-edge emission (NBE) and the deep-level emission (DLE) intensities (I NBE /I DLE ) obtained by PL gradually decreased because the DLE intensity from the nanorods gradually increased with increase in the atomic number of the dopants. We found that the dopants affected the structural and optical properties of the ZnO nanorods including their dimensions, lattice constants, residual stresses, bond lengths, PL properties, transmittance values, optical band gaps, and Urbach energies.
Introduction
Zinc oxide (ZnO) is a widely used functional material that exhibits a wide direct band gap (3.37 eV at 300 K), high exciton binding energy (60 meV), and excellent chemical and thermal stabilities.
1 Therefore, ZnO is an excellent candidate for application in light emitting diodes, 2 laser diodes, 3 field emission devices, 4 chemical sensors, 5 and solar cells. 6 In recent years, applications of ZnO nanostructures, particularly nanorods, in dye sensitized solar cells and thermoelectronics have attracted increasing interest. [7] [8] [9] In order to improve the optical and electrical properties of ZnO nanorods, group III elements such as Al, 10, 11 Ga, 12,13 and In 14, 15 can be used as cation dopants. Al-doped ZnO (AZO), Ga-doped ZnO (GZO), and In-doped ZnO (IZO) nanorods can be used as transparent electrodes in optoelectronic devices. Consequently, considerable efforts have been devoted toward improving the optical and electrical properties of ZnO nanorods by doping. Hence, it is important to understand the influence of the dopants on the structural, optical, and electrical properties of ZnO nanorods prior to employing these materials in practical applications.
ZnO nanorods can be grown using various methods such as chemical vapor deposition (CVD), 16 vapor phase transport (VPT), 17 and hydrothermal methods. 18 Among these, hydrothermal methods enables the preparation of ZnO nanorods at much lower temperatures, which makes the process more effective, simplifies the control of dopant concentrations, and allows the use of simple equipment. 19 The preparation of ZnO nanorods by hydrothermal method requires three steps. In the first step, which is perhaps the most important among the three, the ZnO seed layers are deposited. Then, randomly oriented ZnO crystals are grown from the seed layers. Finally, due to the collisions between the randomly oriented ZnO crystals, extended ZnO nanorods are grown to form arrays. In these arrays, the c-axis of the nanorods is perpendicular to the substrate surface.
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Although there are systematically many publications reporting on various dopants in ZnO thin films, [21] [22] [23] there is a lack of research on various dopants for ZnO nanorods. In addition, most research is reporting on a dopant in ZnO nanorods or nanostructures 10, 24, 14 and GZO and IZO nanorods are rare in hydrothermal method. Hence, with the aim to further understand the structural and optical properties of ZnO nanorods by various dopants, we herein investigated the effect of Al, Ga, and In doping on ZnO nanorods in this study.
Experimental Details
The ZnO seed layers were deposited on the quartz substrates using the sol-gel spin coating method. The sol solu-tion was prepared by dissolving 0.6 M zinc acetate dihydrate [Zn(CH 3 OO) 2 ·2H 2 O] in 0.6 M 2-methoxyethanol as a solvent with monoethanolamine (MEA) added to the stable sol solution. The molar ratio of zinc acetate to MEA was 1:1 for all experiments carried out in this study. The resultant sol solutions were stirred at 60 °C for 2 h to yield a clear and homogeneous solution before being aged at room temperature for 24 h. The sol solution was spin-coated onto the quartz substrate and rotated at 3,000 rpm for 20 s. After deposition by spin-coating, the ZnO seed layers were preheated at 300 °C for 10 min to evaporate the solvent and to remove the residual organic materials. After this pre-heating, the ZnO seed layers were cooled at a rate of 5 °C/min to prevent the formation of cracks. The coating and pre-heating procedures were repeated three times, and the ZnO seed layers were then post-heated in a furnace at 550 °C in air for 1 h.
As mentioned earlier, ZnO, AZO, GZO, and IZO nanorods were grown on the ZnO seed layers by hydrothermal methods. The ZnO seed layers were rinsed with deionized (DI) water and immersed in a mixture of aqueous 0. 3 ] were used as the Al, Ga, and In dopant precursors, respectively. In the mixture, the Al/Zn, Ga/Zn, In/Zn ratios were fixed at 2.0 at %. The nanorods growth was carried out by maintaining the temperature of the autoclave at 95°C for 4 h. After the completion of the reaction, the substrate was rinsed with DI water and blow dried with ultra-high-purity (99.9999%) nitrogen to remove residual salts and organic materials. The structural and optical properties of the ZnO, AZO, GZO, and IZO nanorods obtained were then investigated using scanning electron microscopy (SEM), X-ray diffraction (XRD), photoluminescence (PL), and ultraviolet-visible spectroscopy.
Results and Discussion Figure 1 shows the SEM images of (a) ZnO, (b) AZO, (c) GZO, (d) IZO nanorods, and (e) ZnO seed layers. First, the thickness of the seed layers is 72 nm and a dense and uniform surface are observed in ZnO seed layers prepared by the conventional sol-gel method as shown in Figure 1 (e). As already stated vide supra, ZnO seed layers are required for the growth of ZnO nanorods. In our previous study, 18, 19, [25] [26] [27] [28] we studied the effect of seed layers on the growth of ZnO nanorods. All the nanorods were hexagonal in shape and were well-grown on the ZnO seed layers. The typical lengths and diameters of the ZnO, AZO, GZO, and IZO nanorods were 1064 and 90 nm, 440 and 180 nm, 160 and 116 nm, 820 and 70 nm, respectively. It is worth noting that we could control the size of the nanorods by adding different dopants during the nanorods growth because doping of the ZnO lattice was achieved by interstitial and/or substitution reaction. It can be seen that the diameter of the nanorods specifically decreased with increasing dopant atomic number. The atomic radius, which is related to the atomic number, increases with increase in the atomic number for group III elements (dopants). The atomic radii of Zn, Al, Ga, and In are 1.35, 1.25, 1.30, 1.55 Å, respectively. The differences in the atomic radii between Zn and the dopants could probably have resulted in the decrease of the nanorods diameters. The mechanism for the growing of the ZnO, AZO, GZO, and IZO nanorods using HMT can be summarized in the following equations:
Zn 2+ are known to react readily with OH − to form more soluble Zn(OH) 2 complexes, which act as the growth unit of ZnO nanorods. Finally ZnO nanorods is obtained by decomposition of Zn(OH) 2 . Therefore, the key parameter for the growth of ZnO nanorods is controlling the supersaturation of the reactants as Eq. (4). 18 Also, HMT plays a very complicated role in the solution during the hydro- Figure 2(a) shows the XRD patterns acquired from the ZnO, AZO, GZO, and IZO nanorods samples, respectively. The patterns from all the nanorod samples was dominated by the (002) peak of wurtzite-type ZnO, implying that the preferred orientation of the ZnO nanorods was along the (002) direction. This could be ascribed to the rapid vertical growth rate of the nanorods and their limited growth along the lateral difrection. 30 The intensities of the (002) peak were proportional to the lengths and densities of the nanorods. In the case of GZO nanorods sample, the (002) peak intensity was the lowest among all the specimens. This was because the length of the GZO nanorods was the smallest when compared to all other samples. However, the IZO nanorods sample, containing the longest and most densely packed nanorods, exhibited the most intense (002) peak among all the samples, as shown in Figure 2 (b). As can be observed from Figure 1 and Figure 2(a) , Ga doping resulted in low nanorods growth rate and decreased wurtzite (002) peak intensities in the XRD patterns. The effect was prominently observed in GZO nanorods, suggesting a loss in the crystallinity of the nanorods because of the substitution reaction between Zn and Ga. We attribute the occurrence of the substitution reaction to the similarity in the atomic radii of Zn and Ga. However, we propose that the higher difference in the atomic radii between Zn and the doping atoms Al and In probably led to interstitial reactions, which may have resulted in higher growth rates and increasingly intense ZnO (002) peaks in the XRD patterns, when compared to doping with Ga. In addition, the various dopants also shifted the (002) peak position of ZnO toward higher 2θ values, as shown in Figure 2(b) . Among the various samples, peak position of the GZO nanorods showed the maximum-shift to higher 2θ values. This could be attributed to the decrease of interplanar spacing in the crystals due to the substitution of Zn by Ga. In addition, the effect of doping could also be observed in the lattice constants, as shown in Figure 2(c) . In general, the lattice constants of the as-grown ZnO are close to the values reported for ZnO (a = 0.32498 nm and c = 0.52066 nm) by Heller et al. 31 From our experiments, the lattice constants of ZnO, AZO, GZO, and IZO were found to be a = 0.31887 and c = 0.52071 nm, a = 0.31868 and c = 0.52041 nm, a = 0.31856 and c = 0.52021 nm, and a = 0.31863 and c = 0.52033 nm. The differences in the lattice constants was distinct, which suggested that the incorporated dopants may have occupied specific lattice sites, resulting in the anisotropic distortion of the unit cell along the (001) direction. Hence, incorporation of the dopants caused considerable distortion of the ZnO lattice and affected the lattice structure and/or crystallinity of the ZnO nanorods. In the case of AZO nanorods, the lattice constants were close to the reported values, while the GZO nanorods exhibited the maximum shift in the lattice constants among the doped nanorods samples. The calculated lattice constant values for ZnO can be expressed as follows:
where λ is the wavelength of the Cu-Kα radiation (1.5406 Å) and θ is the Bragg angle. Figure 2(d) shows the residual stress, σ, and bond length, L, of the ZnO, AZO, GZO, and IZO nanorods. A residual stress is generated in the ZnO nanorods because of the differences in the lattice constants and the thermal expansion coefficients between the ZnO and the substrate. The residual stress in the ZnO nanorods can be calculated as follows:
where C ij are the elastic stiffness constants for ZnO (C 11 = 207.0, C 33 = 209.5, C 12 = 117.7, and C 13 = 106.1 GPa), and c and c 0 are the lattice parameters of the ZnO and strain-free ZnO, respectively. If the stress is positive, the biaxial stress will be tensile; if the stress is negative, the biaxial stress will be compressive. The stresses values in the ZnO, AZO, GZO, and IZO nanorods were calculated as −0.022, 0.099, 0.182, and 0.134 GPa. Hence, the nature of stress altered from compressive to tensile with doping and among the doped nanorods, the stress in AZO nanorods was closest to that shown by strain-free ZnO. The Zn-O bond length in the ZnO nanorods is given by
where (in the wurtzite structure) u is given by
2 ) + 0.25 (14) and u is related to the a/c ratio. The values of L were found to be 0.19526, 0.19515, 0.19508, and 0.19512 nm in the ZnO, AZO, GZO, and IZO nanorods, respectively, as shown in Figure 2 (d). Figure 3(a) shows the normalized PL spectra acquired from the ZnO, AZO, GZO, and IZO nanorods. All the normalized PL spectra exhibited the near-band-edge emission (NBE), generated by free-exciton recombination 35 at 3.261, 3.279, 3.244, and 3.272 eV for ZnO, AZO, GZO, and IZO nanorods, respectively. In addition, broad deep-level emission (DLE) was also observed at about 2.238 (green emission), 2.188 (green emission), 2.082 (orange emission), and 2.184 eV (green emission) for ZnO, AZO, GZO, and IZO nanorods, respectively. The DLE is usually attributed to the presence of structural defects. Interestingly, the NBE and DLE peaks were shifted by the various dopants. In the case of NBE, when compared to the peak from the ZnO nanorods (3.261 eV), the peak originating from GZO nanorods was shifted to a lower energy value (3.244 eV). However, the NBE peaks from AZO and IZO nanorods were shifted to higher energies to 3.279 and 3.272 eV, respectively. In the case of DLE, the intensities of the peaks were increased by the presence of the dopants, which may have acted as impurities in the pure ZnO nanorods. In addition, while ZnO, AZO, and IZO nanorods exhibited the green emissions, GZO nanorods showed orange emission (GZO). This phenomenon can be interpreted on the basis of interstitial and/or substitution reactions of dopants giving rise to the emission peaks with the differences in the radii between Zn and the dopant atoms and the lattice distortions causing the shift in the positions of the peaks. The lattice distortions may have resulted from defects such as oxygen states associated with lattice defects, 36, 37 which are related to the DLE. Figure 3(b) shows the ratios of the intensity of the NBE to that of the DLE (I NBE /I DLE ) and the full width at half maximum (FWHM) of NBE for ZnO, AZO, GZO, and IZO nanorods. The I NBE /I DLE values shown by the ZnO, AZO, GZO, and IZO nanorods were 8.798, 2.659, 2.444, and 1.467, respectively. The ratios gradually decreased with increase in the atomic radius of the dopants. The FWHM of NBE values shown by the ZnO, AZO, GZO, and IZO nanorods were 126, 196, 169, and 136 meV, respectively. The FWHM values shown by AZO, GZO, and IZO nanorods was higher than that shown by the ZnO nanorods and the values decreased with increasing atomic radii of the dopants. Hence, the dopants affected the PL properties of the ZnO nanorods and it is possible to tune the DLE as the need arises such as chemical gas sensors, solar cells, and lighting emitting diodes, etc. Figure 4 (a) shows the optical transmittance spectra of the ZnO, AZO, GZO, and IZO nanorods. The inset shows the variation of absorption coefficients (α) with the wavelength, obtained from the equation I = I 0 e −αd , where I and I 0 are the intensities of the transmitted and incident light, respectively, and d is the thickness of the nanorods. In general, the optical transmittance is known to be affected by d, α, and surface roughness values. The absorption coefficient (α(λ)) of the ZnO-based materials can be calculated from the optical transmittance (T) by the following equation:
In comparison to the ZnO nanorods, the AZO nanorods exhibited significantly improved transmittance. The IZO nanorods showed more enhanced transmittance in the visible region. Interestingly, although the growth of GZO nanorods was low when compared with the other nanorods, their transmittance values were lower than that shown by ZnO nanorods. This may be due to the deposition of Ga dopants on the ZnO seed layers during nanorods growth by the hydrothermal method, leading to localized surface plasmon resonance. 39, 40 Therefore, the amount of absorbance increased, as shown in the inset of Figure 4 (a). The absorption edges from the AZO and IZO nanorods samples obtained in this study gradually blue-shifted due to the presence of the different dopants and that originating from the GZO nanorods was red-shifted. It is to be noted that differences in the nanorod lengths and distortions in the ZnO lattice as well as the differences in the Zn-O bond lengths can influence the shifts in the absorption edges. The optical band gap of the nanorods can be obtained by analyzing the absorption edges and by applying the Tauc model 41 represented by the following relationship:
where h is the Planck's constant, v is the frequency of the incident photons, and B is a constant that depends on the electron-hole mobility. Figure 4(b) shows the plots of (αhv) 2 as a function of the photon energy for the ZnO, AZO, GZO, and IZO nanorods. The values of optical band gaps of ZnO, AZO, GZO, and IZO nanorods were found to be 3.245, 3.251, 3.218, and 3.262 eV, respectively, which implies that the optical band gap was affected by the various dopants. The optical band gaps of the AZO and IZO nanorods clearly shifted towards the blue region and the optical band gaps of the GZO nanorods shifted towards the red region, when compared with the band gap of the ZnO nanorods. Consequently, the optical band gaps changed proportionally with shift in the absorption edge.
Figure 4(c) shows the variation of ln α as a function of photon energy, and the inset shows the variation of Urbach energy (E U ), which represents the width of the exponential absorption edge, with various dopants. The absorption coefficient near the fundamental absorption edge was found to be exponentially dependent on the incident photon energy, and obeyed the empirical Urbach relationship, in which ln α varies as a function of hv. E U can be calculated using the where α 0 is a constant. The E U values were calculated from the Urbach plots using the following relationship:
The values of E U for the ZnO, AZO, GZO, and IZO nanorods were 62.7, 114, 104, and 78.4 meV, respectively. The various dopants affected the widths of the localized states outside the optical band gap (i.e., above the upper regions of the conduction band and/or below the lower limits of the valence band) of the ZnO nanorods, resulting in a change in the optical band gap. Thus, the E U changed with the optical band gap, which can be inferred from the inset in Figure  4 (c). Furthermore, the decrease in the E U indicates that the crystal quality of the ZnO nanorods improved and that the crystallinity of the IZO nanorods, which exhibited the minimum E U , was the highest among the doped nanorods. Hence, it is evident that the various dopants affected the optical properties of the ZnO nanorods.
Conclusions
ZnO seed layers were deposited on quartz substrate using the sol-gel method, and ZnO, AZO, GZO, and IZO nanorods were grown on these ZnO seed layers by hydrothermal method. The effects of doping on the structural and optical properties of the ZnO nanorods were investigated. All the nanorods, irrespective of the presence or absence of doping and the type of dopant, were uniformly hexagonal in shape. We could control the dimensions of the nanorods by adding various dopants during the nanorods growth and specifically, the diameter of the nanorods decreased with increasing dopant atomic number. Among the various nanorods samples (ZnO nanorods and samples doped with various metals), while GZO nanorods predominantly showed poor properties, AZO nanorods showed better structural and optical properties. IZO nanorods, which were present in uniform and dense arrays, as characterized by SEM, showed the highest levels of crystallinity. Hence, from our studies, we conclude that the presence of various types of dopants can affect the structural and optical properties of ZnO nanorods.
